Control of thermoregulatory effectors by the autonomic nervous system is a critical component of rapid cold-defense responses, which are triggered by thermal information from the skin. However, the central autonomic mechanism driving thermoregulatory effector responses to skin thermal signals remains to be determined. Here, we examined the involvement of several autonomic brain regions in sympathetic thermogenic responses in brown adipose tissue (BAT) to skin cooling in urethanechloralose-anesthetized rats by monitoring thermogenic [BAT sympathetic nerve activity (SNA) and BAT temperature], metabolic (expired CO 2), and cardiovascular (arterial pressure and heart rate) parameters. Acute skin cooling, which did not reduce either rectal (core) or brain temperature, evoked increases in BAT SNA, BAT temperature, expired CO 2, and heart rate. Skin cooling-evoked thermogenic, metabolic, and heart rate responses were inhibited by bilateral microinjections of bicuculline (GABA A receptor antagonist) into the preoptic area (POA), by bilateral microinjections of muscimol (GABA A receptor agonist) into the dorsomedial hypothalamic nucleus (DMH), or by microinjection of muscimol, glycine, 8-OH-DPAT (5-HT 1A receptor agonist), or kynurenate (nonselective antagonist for ionotropic excitatory amino acid receptors) into the rostral raphe pallidus nucleus (rRPa) but not by bilateral muscimol injections into the lateral/dorsolateral part or ventrolateral part of the caudal periaqueductal gray. These results implicate the POA, DMH, and rRPa in the central efferent pathways for thermogenic, metabolic, and cardiac responses to skin cooling, and suggest that these pathways can be modulated by serotonergic inputs to the medullary raphe. ␥-aminobutyric acid; glutamate; serotonin; somatosensory thermal afferent; thermoregulation THE BODY TEMPERATURE OF HOMEOTHERMIC animals is maintained within a narrow range through the fine control by the nervous system. As a framework of the central thermoregulatory system, it is proposed that temperature information from thermoreceptors in the skin, several brain regions, and peripheral body core structures is collected and integrated in the preoptic area (POA), and efferent command signals leading to the defense of body temperature are sent from the POA to peripheral thermoregulatory effectors (30). However, our understanding of the afferent and efferent neuronal pathways responsible for the regulation of body temperature remains incomplete.
Nakamura, Kazuhiro, and Shaun F. Morrison. Central efferent pathways mediating skin cooling-evoked sympathetic thermogenesis in brown adipose tissue. Am J Physiol Regul Integr Comp Physiol 292: R127-R136, 2007. First published August 24, 2006 ; doi:10.1152/ajpregu.00427.2006.-Control of thermoregulatory effectors by the autonomic nervous system is a critical component of rapid cold-defense responses, which are triggered by thermal information from the skin. However, the central autonomic mechanism driving thermoregulatory effector responses to skin thermal signals remains to be determined. Here, we examined the involvement of several autonomic brain regions in sympathetic thermogenic responses in brown adipose tissue (BAT) to skin cooling in urethanechloralose-anesthetized rats by monitoring thermogenic [BAT sympathetic nerve activity (SNA) and BAT temperature], metabolic (expired CO 2), and cardiovascular (arterial pressure and heart rate) parameters. Acute skin cooling, which did not reduce either rectal (core) or brain temperature, evoked increases in BAT SNA, BAT temperature, expired CO 2, and heart rate. Skin cooling-evoked thermogenic, metabolic, and heart rate responses were inhibited by bilateral microinjections of bicuculline (GABA A receptor antagonist) into the preoptic area (POA), by bilateral microinjections of muscimol (GABA A receptor agonist) into the dorsomedial hypothalamic nucleus (DMH), or by microinjection of muscimol, glycine, 8-OH-DPAT (5-HT 1A receptor agonist), or kynurenate (nonselective antagonist for ionotropic excitatory amino acid receptors) into the rostral raphe pallidus nucleus (rRPa) but not by bilateral muscimol injections into the lateral/dorsolateral part or ventrolateral part of the caudal periaqueductal gray. These results implicate the POA, DMH, and rRPa in the central efferent pathways for thermogenic, metabolic, and cardiac responses to skin cooling, and suggest that these pathways can be modulated by serotonergic inputs to the medullary raphe. ␥-aminobutyric acid; glutamate; serotonin; somatosensory thermal afferent; thermoregulation THE BODY TEMPERATURE OF HOMEOTHERMIC animals is maintained within a narrow range through the fine control by the nervous system. As a framework of the central thermoregulatory system, it is proposed that temperature information from thermoreceptors in the skin, several brain regions, and peripheral body core structures is collected and integrated in the preoptic area (POA), and efferent command signals leading to the defense of body temperature are sent from the POA to peripheral thermoregulatory effectors (30) . However, our understanding of the afferent and efferent neuronal pathways responsible for the regulation of body temperature remains incomplete.
Earlier work using conscious animals has shown that temperature information from the skin and from the brain or body core structures provides independent signals contributing to the onset of thermoregulatory responses (21, 41) . To narrowly maintain body temperature, however, rapid thermoregulatory responses to changes in environmental temperature are essential, and thermal afferent information from the skin, whose temperature is first affected in the body by environmental temperature changes, should be the most important for such rapid thermoregulatory responses. In a recent report, deep body core and brain temperatures of conscious rats were not substantially decreased during exposure to a cold environment (4°C, 2 h), while skin surface temperature dropped rapidly (6) . This observation indicates that thermoreceptors in the skin, rather than in the brain or peripheral body core structures, provide the dominant temperature information necessary for rapid feedforward thermoregulatory responses to environmental temperature changes.
For the defense of body temperature, efferent signals from central thermoregulatory networks regulate metabolism in specific thermogenic tissues, as well as heat dissipation from the body surface. The former includes shivering and nonshivering thermogenesis and the latter includes sweating, salivation, panting, piloerection, and cutaneous vasoconstriction. Among them, nonshivering thermogenesis in brown adipose tissue (BAT) is well known as a major heat source for the defense of body temperature in cold environments, especially in rodents (7) , and the central mechanisms controlling BAT thermogenesis have been extensively studied (27) .
BAT thermogenesis is governed by the sympathetic nervous system, and anatomical observations from transneuronal tracing after inoculation of pseudorabies virus into BAT suggest that BAT-controlling neurons in autonomically related brain regions are organized in a hierarchical network in which more rostral regions, such as the POA, influence the activity of increasingly caudal structures such as the dorsomedial hypothalamic nucleus (DMH), caudal periaqueductal gray (cPAG), and rostral medullary raphe nuclei (1, 3, 8, 9, 32, 36, 50) . Furthermore, chemical stimulation of neurons in the DMH, cPAG, and rostral medullary raphe nuclei results in an increase in BAT thermogenesis (9, 11, 25, 28, 29, 32, 51, 52) , and the POA provides a tonic inhibition of BAT thermogenesis (10) . Thus it is possible that the tonic inhibitory signals descending from the POA determine the activity level of the neurons in the caudal regions whose stimulation leads to BAT thermogenesis. On the basis of this hypothesis for the central efferent system driving cold-defense responses, we reasoned that disinhibition or stimulation of the POA or inhibition of the DMH, cPAG, or rostral medullary raphe should reduce cold-evoked thermogenic responses in BAT. To determine whether and how these autonomically related regions contribute to the central efferent system for thermogenic responses in cold environments, we examined the effect of chemical modulation of neurons in these autonomically related regions on skin cooling-evoked BAT sympathetic nerve activation and BAT thermogenesis with an in vivo electrophysiological approach.
MATERIALS AND METHODS

Animals
Twenty-six male Sprague-Dawley rats (250 -500 g) contributed to the present study. The animals were housed with ad libitum access to food and water in a room air-conditioned at 22-23°C with a standard 12:12-h light-dark cycle. All procedures conform to the regulations detailed in National Institutes of Health's Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of the Oregon Health & Science University.
Preparation
Rats were transitioned to intravenous urethane (0.8 g/kg) and ␣-chloralose (80 mg/kg) anesthesia after cannulation of a femoral artery, a femoral vein, and the trachea under anesthesia with 3% isoflurane in 100% O2. To record arterial pressure and heart rate (HR), the arterial cannula was attached to a pressure transducer. To monitor skin temperature (T skin), the trunk was shaved and a copper-constantan thermocouple (Physitemp, Clifton, NJ) was taped onto the abdominal skin. The trunk was wrapped with a plastic water jacket, which did not cover the dorsal portion of the rostral half of the back needed for access to the interscapular BAT and the vertebra to be clamped. The animal was positioned in a stereotaxic apparatus with a spinal clamp on the tenth thoracic vertebra; the incisor bar level was adjusted so that the bregma and lambda were at the same dorsal level. To monitor brain temperature (T brain), a needle-type copper-constantan thermocouple (0.33-mm diameter; Physitemp) was perpendicularly inserted into the basal forebrain [2.2 mm anterior to the bregma, 1.3 mm lateral (right) to the midline, 7.0 -7.5 mm ventral to the brain surface]. The animal was then paralyzed with D-tubocurarine (0.6 mg iv initial dose, supplemented with 0.3 mg every 1 h), and artificially ventilated with 100% O 2 (60 cycles/min, tidal volume: 3.5 ml). Mixed expired CO2 was measured using a capnometer (Capnogard 1265, Respironics, Murrysville, PA), and rectal temperature (Trec) was monitored using a copper-constantan thermocouple inserted into the rectum. T rec was maintained at 36.5-38.0°C by perfusing the water jacket with warm or cold water. All thermocouples were connected to a thermocouple meter (TC-1000, Sable Systems, Las Vegas, NV) for temperature display and acquisition of the analog signal.
Postganglionic BAT sympathetic nerve activity (SNA) was recorded from the central cut end of a nerve bundle isolated from the ventral surface of the right interscapular BAT pad after dividing it along the midline and reflecting it laterally. The nerve bundle was placed on bipolar hook electrodes under mineral oil. Nerve activity was filtered (1-300 Hz) and amplified (ϫ5,000 -50,000) with a CyberAmp 380 (Axon Instruments, Union City, CA). BAT temperature (T BAT) was monitored with a copper-constantan thermocouple inserted into the intact left interscapular BAT pad. Physiological variables were digitized and recorded to a computer hard disk using Spike 2 software (CED, Cambridge, UK).
Experimental Procedure Protocol 1. The skin was cooled by perfusing the water jacket with ice-cold water for 150 -250 s and then rewarmed by switching to perfusion with warm water.
Protocol 2. The animals received saline vehicle and drug microinjections into the POA, dorsomedial hypothalamus, lateral/dorsolateral cPAG (l/dlcPAG), ventrolateral cPAG (vlcPAG), or rostral part of the raphe pallidus nucleus (rRPa) (33) during the BAT thermogenic response to skin cooling. Skin cooling was continued for at least 100 s after the microinjections, and then the skin was rewarmed.
Drugs were obtained from Sigma (St. Louis, MO) dissolved in 0.9% saline and ejected through glass micropipettes (tip inner diameter, 20 -30 m) using a Picospritzer II (General Valve, Fairfield, NJ). To disinhibit local neurons, the GABA A receptor antagonist, (-)bicuculline methiodide (0.02-2 mM, 60 nl/injection) was microinjected bilaterally into the POA (0 -0.1 mm posterior to the bregma, 0.5-0.7 mm lateral to the midline, and 7.5-8.5 mm ventral to the brain surface). To inhibit local neurons, the GABA A receptor agonist, muscimol (2 mM) was bilaterally microinjected into the dorsomedial hypothalamic region consisting of the DMH and dorsal hypothalamic area (DH) (60 -120 nl/injection; 3.3 mm posterior to the bregma, 0.5-0.7 mm lateral to the midline, and 7.8 -8.8 mm ventral to the brain surface), into the l/dlcPAG (120 nl/injection; 7.8 mm posterior to the bregma, 0.5-0.7 mm lateral to the midline, and 4.2-4.6 mm ventral to the brain surface), or into the vlcPAG (120 nl/injection; 8.7 mm posterior to the bregma, 0.9 -1.2 mm lateral to the midline, and 5.0 -5.5 mm ventral to the brain surface). The midline rRPa (2.3 mm posterior to the interaural line, on the midline, and 9.5-9.7 mm ventral to the brain surface) received single microinjections (60 nl) of saline; muscimol (2 mM); glycine (0.5 M); the nonselective ionotropic excitatory amino acid receptor antagonist, kynurenic acid (0.1 M); or the 5-HT 1A receptor agonist, (Ϯ)-8-hydroxy-2-(di-n-propylamino)tetralin hydrobromide (8-OH-DPAT; 10 mM). Most animals received microinjections of more than one drug. In each of these cases, a recovery period of at least 1 h was allowed between brain microinjections of different drugs, at which time responses to skin cooling and rewarming were not different from the original control values.
To mark the microinjection sites, 10 -20 nl of 0.2% fluorescent microspheres (diameter, 0.1 m; Molecular Probes, Eugene, OR) in saline was injected at the same stereotaxic coordinates through the same micropipette. After the physiological recordings, the animals were transcardially perfused with a 10% formaldehyde solution, and the brains were cryoprotected by shaking in a 30% sucrose solution overnight. After the tissue was sectioned at a thickness of 40 m with a freezing microtome, the locations of the microinjections were identified by detecting the fluorescent microspheres under an epifluorescence microscope.
Data Analysis
Spike 2 software was used to obtain a continuous measure (4-s bins) of BAT SNA amplitude by calculating the root mean square amplitude of the BAT SNA (square root of the total power in the 0 -20 Hz band) from the autospectra of sequential 4-s segments of BAT SNA. Control (baseline) values of BAT SNA, T BAT, expired CO2, HR, mean arterial pressure (MAP), Trec, Tbrain, and Tskin were the averages during the 1-min period immediately prior to skin cooling.
In protocol 1, skin cooling-evoked response values for T BAT, expired CO2, HR, and Tskin were obtained at the end of skin cooling, and skin cooling-evoked response values for BAT SNA, MAP, Trec, and Tbrain were the averages during the 1-min period immediately prior to the end of skin cooling. Values for TBAT, expired CO2, HR, and Tskin during rewarming were obtained at 4 min after the start of rewarming the skin, and values for BAT SNA, MAP, Trec, and Tbrain during rewarming were the averages during the 4th min after the start of skin rewarming. Statistical analyses were performed using a repeated-measures ANOVA (Instat 2.00 program; GraphPad, San Di-ego, CA) to detect significant differences among the values at different time points, and a Bonferroni post hoc multiple-comparisons test was then performed to detect pairwise differences.
In protocol 2, skin cooling-evoked response values for T BAT, expired CO2, and HR were taken just prior to the first of the bilateral microinjections, and skin cooling-evoked response values for BAT SNA and MAP were the averages during the 1-min period immediately prior to the first microinjection. Drug treatment effect values for T BAT, expired CO2, and HR were taken at the end of skin cooling, and treatment effect values for BAT SNA and MAP were the averages during the 1-min period immediately prior to the end of skin cooling. An unpaired Student's t-test was used to detect significant differences in postinjection changes in the variables between saline-and drugmicroinjected groups.
All physiological data are presented as the means Ϯ SE, and statistical results with a P value of Ͻ0.05 was considered significant.
RESULTS
Skin Cooling-Evoked Physiological Responses
We examined the effect of skin cooling on sympathetic thermogenic activity in the interscapular BAT by monitoring BAT SNA and T BAT , on metabolic rate by monitoring expired CO 2 , and on cardiovascular tone by monitoring HR and MAP (n ϭ 6). Under resting conditions in urethane-chloraloseanesthetized rats with a T rec of 37.3 Ϯ 0.1°C and a T skin of 38.1 Ϯ 0.3°C, BAT SNA was typically low (Fig. 1) , and resting values for T BAT , expired CO 2 , HR, and MAP before skin cooling are shown in Table 1 . Skin cooling (duration, 199 Ϯ 15 s; ⌬T skin , Ϫ5.2 Ϯ 0.5°C) increased BAT SNA by 660% of baseline, T BAT by 0.9°C, expired CO 2 by 0.4%, and HR by 49 bpm, and these changes were statistically significant ( Fig. 1 and Table 1 ). Although MAP was slightly increased by skin cooling in many cases ( Fig. 1 ), the average change was not statistically significant ( Table 1 ). All the physiological variables increased by skin cooling were decreased to the resting levels by rewarming the skin ( Fig. 1 and Table 1 ). Throughout the skin cooling and rewarming, changes in T rec (body core temperature) and T brain were very small (Table 1) , and T brain was slightly increased by the end of skin cooling in all the experimental cases, indicating that the observed changes in BAT SNA, T BAT , expired CO 2 , HR, and MAP were induced by the effect of skin temperature changes rather than changes in body core parts or in the brain.
We next examined the effect on skin cooling-evoked changes in BAT SNA, T BAT , expired CO 2 , HR, and MAP of altering neuronal discharge in a series of brain regions potentially involved in mediating the skin cooling-evoked responses in BAT thermogenesis: the POA, DMH, l/dlcPAG, vlcPAG, and rRPa. A total of 52 drug or saline vehicle microinjections were made during the rising phase of the increase in BAT SNA evoked during skin cooling, and skin cooling was continued for at least 100 s after microinjections. Changes in physiological variables after microinjections were examined at the end of the skin cooling episodes, whose total durations were 200 -300 s. At the time of the microinjections, skin cooling had increased BAT SNA by 752 Ϯ 64% of baseline, T BAT by 0.3 Ϯ 0.04°C, expired CO 2 by 0.3 Ϯ 0.02%, HR by 31 Ϯ 3 bpm, and MAP by 3 Ϯ 1 mmHg (n ϭ 52). Comparison with those in Table 1 indicates that, on average, microinjections were made near the peak of the skin cooling-evoked responses.
Effect of Disinhibition of Neurons in the POA on Skin Cooling-Evoked Increases in Physiological Variables
Bilateral microinjections of the GABA A receptor antagonist, bicuculline into the POA (n ϭ 6; Fig. 2C and D) , reversed the Fig. 1 . Changes in brown adipose tissue sympathetic nerve activity (BAT SNA), temperature of brown adipose tissue (TBAT), expired (Exp.) CO2, heart rate (HR), arterial pressure (AP), rectal temperature (Trec), and brain temperature (Tbrain) in response to cooling the trunk skin. The horizontal scale bar represents 100 s, and the vertical scale bar for the BAT SNA trace represents 100 V. Note that Trec and Tbrain do not change substantially during the skin cooling and rewarming, indicating that the observed changes in BAT SNA, TBAT, Exp. CO2, HR, and AP were evoked by the effect of skin temperature changes rather than changes in body core parts or in the brain. Data are expressed as means Ϯ SE (n ϭ 6) of the physiological variables in the course of a skin cooling-rewarming challenge. Values before cooling were the averages during the 1-min period immediately before skin cooling. Values of end of cooling were those at the end of the skin-cooling period [temperature of brown adipose tissue (TBAT), expired CO2, heart rate (HR), and skin temperature (Tskin)] or the averages during the 1-min period immediately before the end of the skin cooling [brown adipose tissue sympathetic nerve activity (BAT SNA), mean arterial pressure (MAP), rectal temperature (Trec), and brain temperature (Tbrain)]. Values during rewarming were those at 4 min after the start of rewarming the skin (TBAT, expired CO2, HR, and Tskin) or the averages during the 4th min after the start of the skin rewarming (BAT SNA, MAP, Trec, and Tbrain). Values of BAT SNA are expressed as percentage of the mean value before cooling. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 compared with the values before cooling; †P Ͻ 0.05, † †P Ͻ 0.01, and † † †P Ͻ 0.001 compared with the values at the end of cooling (Bonferroni multiple comparisons test following a repeated-measures ANOVA).
skin cooling-evoked increase in BAT SNA (Fig. 2B ). By the end of skin cooling, BAT SNA was reduced by 89% of the skin cooling-evoked increase, and T BAT , expired CO 2 , and HR were reduced to their resting levels ( Fig. 2B and Table 2 ). In contrast, BAT SNA, T BAT , expired CO 2 , HR, and MAP kept rising until the end of skin cooling after bilateral microinjections of saline into the POA (n ϭ 4; Fig. 2A and Table 2 ). The changes in BAT SNA, T BAT , expired CO 2 , and HR after bicuculline microinjections into the POA were significantly different from those after saline microinjections into the POA ( Table 2 ). The changes in MAP after microinjections into the POA were not statistically different between the bicucullineand saline-microinjected groups ( Table 2) .
Effect of Inhibition of Neurons in the Dorsomedial Hypothalamus on Skin Cooling-Evoked Increases in Physiological Variables
Bilateral microinjections of the GABA A receptor agonist, muscimol into the dorsomedial hypothalamic region consisting of the DMH and DH (n ϭ 5; Fig. 3 , C and D) attenuated the level of BAT SNA by 86% of the increase evoked by skin Table 2 . Microinjection sites are plotted on a brain map adopted from an atlas (40) . D: representative view of sites of bilateral microinjections into the POA. Each injection site is clearly identified as a cluster of fluorescent beads (arrows). The scale bar represents 0.5 mm. 3V, third ventricle; ac, anterior commissure; ADP, anterodorsal preoptic nucleus; LPO, lateral preoptic area; MnPO, median preoptic nucleus; MPO, medial preoptic area; ox, optic chiasm; and PS, parastrial nucleus. Data are expressed as means Ϯ SE, and the injection sites are listed in the order of their rostrocaudal anatomical location. Microinjections were made during the rising phase of the BAT SNA response to skin cooling, and the skin cooling was continued for at least 100 s after the microinjections. Changes in BAT SNA, TBAT, expired (Exp.) CO2, HR, and MAP after microinjections were examined at the end of skin cooling (see MATERIALS AND METHODS). Changes in BAT SNA are expressed as a percentage of skin cooling-evoked increase. Positive and negative values indicate increases and decreases from the skin cooling-evoked response values just prior to the microinjections, respectively. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 compared with the group in which saline was injected into the same region (unpaired Student's t-test).
cooling and also reversed skin cooling-evoked increases in T BAT , expired CO 2 , HR, and MAP to the resting levels by the end of skin cooling ( Fig. 3B and Table 2 ). When saline was microinjected into the DMH/DH, all the physiological variables continued to increase throughout the period of skin cooling (n ϭ 3; Fig. 3A and Table 2 ). The postinjection changes in all the variables were significantly different between saline-and muscimol-microinjected groups ( Table 2) .
Effect of Chemical Modulation of Neuronal Discharge in the rRPa on Skin Cooling-Evoked Increases in Physiological Variables
By the end of the skin cooling episode, the skin coolingevoked increase in BAT SNA was completely reversed by a microinjection of muscimol (105% reduction; n ϭ 4), glycine (102% reduction; n ϭ 4), the nonselective ionotropic excitatory amino acid receptor antagonist kynurenate (109% reduction; n ϭ 4), or the 5-HT 1A receptor agonist 8-OH-DPAT (103% reduction; n ϭ 4) into the rRPa (Fig. 4 , B-G and Table  2 ). These drug microinjections into the rRPa also decreased the levels of T BAT , expired CO 2 , and HR from those increased by skin cooling to the resting levels ( Fig. 4 , B-E and Table 2 ). In contrast, a saline microinjection into the rRPa did not attenuate any of the physiological variables during skin cooling (n ϭ 4; Fig. 4A and Table 2 ). The changes in BAT SNA, T BAT , expired CO 2 , and HR after the drug microinjections into the rRPa were statistically different from those after saline microinjections into the rRPa ( Table 2) . Although MAP was decreased after intra-rRPa microinjection of each of the drugs, and in some cases, fell below the baseline level, MAP changes significantly different from the saline-injected group were obtained only with glycine and kynurenate microinjections ( Table 2) .
Effect of Inhibition of Neurons in cPAG Regions on Skin Cooling-Evoked Increases in Physiological Variables
Muscimol or saline was microinjected bilaterally into the l/dlcPAG at Ϫ7.8 mm caudal to the bregma (Fig. 5, B and C) or into the vlcPAG at Ϫ8.7 mm caudal to the bregma (Fig. 5,  E and F) , as in previous studies (11, 12) . Skin cooling kept increasing BAT SNA, T BAT , expired CO 2 , HR, and MAP even after muscimol microinjections into either the l/dlcPAG (n ϭ 4; Fig. 5A ) or the vlcPAG (n ϭ 4; Fig. 5D ), and the changes in these variables after muscimol microinjections into the l/dl-cPAG and vlcPAG were not significantly different from those after saline microinjections into the same regions (n ϭ 3 for each region) ( Table 2) .
DISCUSSION
In the central thermoregulatory network, the POA plays a pivotal role as a site of integration of thermal information from the skin, several brain regions, and peripheral body core structures. Inhibition of the POA leads to increases in body core and brain temperatures (20, 38, 39) and transection caudal to the POA induces BAT thermogenesis (10) . These previous findings suggest that the POA provides a tonic inhibition to caudal brain regions involved in the control of thermoregulatory effectors, including BAT, a major thermogenic organ especially in rodents (7) . Furthermore, it is hypothesized that temperature information coming from the skin through somatosensory afferent pathways modulates the tonic activity of caudally projecting inhibitory neurons in the POA, which might be those previously characterized as warm-sensitive neurons (30) . In the present study, microinjections of a GABA A receptor antagonist into the POA attenuated the skin cooling-evoked increases in sympathetically regulated thermogenic activity in BAT and whole-body metabolic rate as indicated by expired CO 2 . This result indicates that GABAergic neurotransmission in the POA is critical for the skin cooling-evoked stimulation of BAT thermogenesis and also raises a possibility that skin-derived cold signals elicit a GABAergic attenuation of the tonic inhibitory activity of POA projection neurons, thereby leading to an increase in BAT thermogenesis (Fig. 6) . The inhibitory effect of bicuculline in the POA on skin cooling-evoked BAT thermogenesis in the present study is consistent with recent reports that bicuculline into the POA: 1) eliminated the skin cooling-evoked increase in oxygen consumption (38) , an indicator of overall metabolic rate and 2) induced intense hypothermia in free-moving rats under cold ambient temperature (20) , probably due to reduced thermogenesis and/or increased heat dissipation.
Several recent findings suggest that the DMH is one of the most probable candidates for regions receiving a tonic inhibitory input from the POA in the regulation of BAT thermogenesis. POA neurons provide a dense direct projection to the DMH (35, 44, 47) , and blockade of GABA A receptors in the DMH increases BAT SNA and BAT thermogenesis (9, 52) . Furthermore, our recent anatomical observations revealed that GABAergic axon terminals derived from POA neurons are closely associated with DMH neurons projecting directly to the BAT-controlling sympathetic premotor region in the medullary raphe (see below) (35) . In the present study, microinjections into the DMH/DH of muscimol, an agent widely used to inhibit virtually all mammalian neurons by virtue of its GABA A agonist actions (22) , largely reduced skin cooling-evoked increases in BAT thermogenic activity and metabolic rate, indicating that DMH neurons are involved in the central mechanism for skin cooling-evoked sympathetic thermogenesis in BAT. These lines of evidence support a model in which the activity of the DMH neurons involved in the control of BAT is regulated by a tonic inhibitory input from GABAergic neurons in the POA, and cold signals from the skin activate these DMH neurons by attenuating the tonic inhibitory input from the POA (Fig. 6) .
Previous retrograde tracing studies have shown that many neurons distributed over the DMH and DH directly project to the medullary raphe region, consisting of the rRPa and its surrounding raphe magnus nucleus (15, 18, 35, 42) , in which sympathetic premotor neurons controlling BAT are localized Table 2 . G: representative view of a microinjection site into the rRPa as indicated by a cluster of fluorescent beads (arrow). The scale bar represents 0.5 mm. Gi␣, alpha part of the gigantocellular reticular nucleus; py, pyramidal tract; RMg, raphe magnus nucleus; and ROb, raphe obscurus nucleus. (27, 32, 34) . In the present study, inhibition of neurons in and around the rRPa with muscimol or glycine completely blocked skin cooling-evoked increases in BAT thermogenic activity and metabolic rate, indicating a critical role of medullary raphe neurons, probably BAT-controlling sympathetic premotor neurons, in thermogenic responses to cold environments. Consistent with this notion, neurons in these raphe regions have been shown to express Fos in response to cold exposure of rats (5, 8, 29, 32) , and suppression of neuronal activity in the raphe pallidus nucleus with muscimol caused hypothermia in conscious rats under a normothermic condition (53) . We have previously reported that Fos expression in the medullary raphe region in response to cold exposure is observed mostly in neurons expressing vesicular glutamate transporter 3 (VGLUT3) and that most of VGLUT3-expressing, putatively glutamatergic, neurons in the medullary raphe region oligosynaptically innervate the interscapular BAT as evidenced by transsynaptic retrograde tracing with pseudorabies virus (32) .
Furthermore, VGLUT3-expressing medullary raphe neurons were shown to directly project to sympathetic preganglionic neurons in the thoracic spinal cord (32, 46) . These findings strongly support the hypothesis that BAT-controlling sympathetic premotor neurons, most of which express VGLUT3, in the medullary raphe region are situated strategically to mediate the skin cooling-evoked activation of thermogenic effectors: they may receive a direct excitatory input from the DMH, and they control BAT thermogenesis through their direct projection to sympathetic preganglionic neurons controlling BAT (Fig. 6) .
The present result that blockade of ionotropic excitatory amino acid receptors in the rRPa with kynurenate abolished skin cooling-evoked increases in BAT thermogenic activity and metabolic rate indicates that activation of BAT by cold stimuli requires excitatory amino acidergic, probably glutamatergic, excitation of neurons in the rRPa, likely BAT-controlling sympathetic premotor neurons. Although DMH neurons could be the source of this glutamatergic excitatory input (Fig. Table 2 . C and F: representative views of sites of bilateral microinjections into the l/dlcPAG (C) and vlcPAG (F), as indicated by clusters of fluorescent beads (arrows). The scale bar represents 0.5 mm. Aq, aqueduct; dmcPAG, dorsomedial caudal periaqueductal gray; DR, dorsal raphe nucleus; IC, inferior colliculus; mlf, medial longitudinal fasciculus; SC, superior colliculus; and scp, superior cerebellar peduncle. 6 ), the activity of BAT-controlling sympathetic premotor neurons in the medullary raphe region is also strongly regulated by tonic GABAergic inputs. The latter is based on the fact that blockade of GABA A receptors in the medullary raphe region increases BAT SNA (28, 29) and is supported by the observation that many GABAergic axon terminals are closely apposed to VGLUT3-expressing neurons in the medullary raphe region (34) . Thus it is possible that tonic GABAergic inputs suppress the activity of sympathetic premotor neurons controlling BAT under conditions that do not require thermogenesis, and coldevoked excitatory inputs to the premotor neurons overcomes this tonic GABAergic inhibition. Another possibility, however, is that a reduction in the level of tonic inhibition to BATcontrolling sympathetic premotor neurons in the medullary raphe region contributes to the stimulation of BAT thermogenesis during skin cooling. In this case, a tonic or cold-activated kynurenate-sensitive glutamatergic excitatory input to the sympathetic premotor neurons would be required for activation of BAT thermogenesis.
Activation of 5-HT 1A receptors in the rRPa with 8-OH-DPAT inhibited skin cooling-evoked increases in BAT thermogenic activity and metabolic rate in the present study, similar to the effect on BAT thermogenesis evoked by intravenous administration of leptin (26) . These results suggest that the sympathetic thermogenic efferent pathways can be modulated by serotonergic inputs to the medullary raphe through this serotonin receptor. Systemic administration of 5-HT 1A receptor agonists induces hypothermia in rats (16) , mice (central injection) (13) , and humans (4) and also decreases BAT thermogenesis evoked in conscious rats by a cold environment (37) . In light of the present result, the hypothermic effects of systemic 5-HT 1A receptor agonists can, at least partly, be attributed to their action on 5-HT 1A receptors located in the medullary raphe region.
Activation of the 5-HT 1A receptor is considered to lead to inhibition of neuronal functions through negative coupling to adenylate cyclase via the G-protein G i (2) , and histochemical studies have suggested that the 5-HT 1A receptor is principally localized in somatodendritic portions of serotonergic neurons, especially in midbrain raphe nuclei (45, 48) , suggesting that it is an inhibitory somatodendritic autoreceptor. In the medullary raphe region; however, 5-HT 1A receptor immunoreactivity was found in both serotonergic and nonserotonergic neuronal cell bodies, as well as in a substantial population of neurons projecting to the intermediolateral cell column in the thoracic spinal cord (14) . These observations support the potential localization of 5-HT 1A receptors on the cell bodies of BATcontrolling sympathetic premotor neurons in the medullary raphe region and suggest that activation of these 5-HT 1A receptors by serotonergic inputs could attenuate the activity of BAT-controlling premotor neurons through their postsynaptic action, leading to inhibition of BAT thermogenesis.
Bilateral microinjections of muscimol into the l/dlcPAG and vlcPAG did not show any significant effects on skin coolingevoked physiological responses in the present study. In contrast, previous studies have suggested that these cPAG regions are involved in the central thermoregulatory mechanism: stimulation of the vlcPAG induced BAT thermogenesis (11) and DMH neurons projecting to the vlcPAG expressed Fos during cold exposure (49) . In a recent study (12) , unilateral muscimol microinjection into the l/dlcPAG decreased body temperature in conscious rats and attenuated an increase in body core temperature evoked by disinhibition of DMH neurons. Although, in the present study, we used a relatively high dose of muscimol and our microinjections were positioned bilaterally in the identical l/dlcPAG and vlcPAG sites, the cold-evoked stimulation of BAT SNA was unaffected. We conclude that these regions of the cPAG may mediate DMH-evoked activation of other (i.e., non-BAT) thermoregulatory effectors, such as cutaneous vasoconstriction or that influences of the DMH on cPAG neurons may control BAT responses to nonthermal stimuli, such as those evoking stress-induced thermogenesis.
In the present study, HR and MAP were also monitored. While skin cooling had only a slight effect on MAP, skin cooling significantly increased HR. By increasing cardiac output, such a cooling-evoked increase in HR could provide cardiac support for the large increase in BAT blood flow, facilitating the oxygen supply to BAT and the distribution of BAT heat production to the whole body. The skin coolingevoked increased HR was strongly inhibited by all the drug microinjections into the POA, DMH, and rRPa, in parallel with the inhibitory effects of the same injections on skin coolingevoked BAT sympathetic nerve activation. This observation indicates that thermogenic and cardiac responses to skin cooling use similar efferent pathways. This notion is consistent with the HR increase evoked by inhibition of the POA or stimulation of the DMH or rRPa, as shown in previous studies (9, 17, 25, 29, 38, 42, 43, 52) . However, it is still unknown whether or not the thermal efferent signaling pathways for BAT thermogenesis and cardiac responses share the same population of neurons in those relaying regions. Fig. 6 . A current model of the neural pathways mediating skin cooling-evoked BAT thermogenesis. In a normothermic environment (Normothermic), GABAergic neurons in the POA tonically inhibit neurons in the DMH. In a cold environment (Cold), signals from somatosensory nerves in the skin activate GABAergic neurons in unknown regions through afferent pathways. The activated GABAergic neurons in the afferent pathway suppress the tonic firing of the GABAergic neurons in the POA and, thereby, disinhibited DMH neurons which activate BAT-controlling sympathetic premotor neurons in the rRPa, leading, in turn, to stimulation of the BAT-controlling sympathetic output system. For detailed discussion, see text. Blue, red, and black circles denote cell bodies of activated inhibitory neurons, activated excitatory neurons, and suppressed or resting neurons, respectively. DH, dorsal horn; DRG, dorsal root ganglion; and IML, intermediolateral cell column.
The central efferent pathways for skin cooling-evoked BAT thermogenesis that have been proposed in the present study ( Fig. 6) show a similarity to the putative fever-inducing central pathways, which have been described in our previous publications (27, 31, 35) . This suggests that fever is a host defense strategy accomplished by taking over the central thermoregulatory system. In the model of fever-inducing neuronal pathways, tonic GABAergic inputs from pyrogen-receptive POA neurons control the activity of sympathetic premotor neurons in the medullary raphe region, as well as DMH neurons, based on the anatomical findings that pyrogen-receptive POA neurons directly project to both the DMH and medullary raphe region (33, 35) . It remains to be determined whether these pyrogen-receptive POA neurons also play a role in skin cooling-evoked thermogenesis. However, pathways independent of the DMH might transmit ancillary signals from the POA to the medullary raphe region, since the inhibition of skin coolingevoked BAT sympathetic nerve activation by muscimol injections into the DMH was incomplete (86%), and it seems unlikely to be a dose effect in light of a complete (105%) suppression of the cooling-evoked nerve activation by a smaller dose of muscimol microinjected into the rRPa.
The present study focused on the central efferent pathways mediating thermogenic, metabolic, and cardiovascular responses to environmental temperature changes. Skin cooling evoked significant increases in BAT SNA and thermogenesis, as reported previously (24), as well as in expired CO 2 and HR with no substantial changes in T brain and T rec , indicating that the observed increases in the thermogenic, metabolic, and cardiac parameters were induced by thermal afferent signals from the skin rather than the effect of temperature changes in body core parts or in the brain. Indeed, cooling of the brain, specifically the POA, is known to induce BAT thermogenesis (19) . However, brain temperature of conscious rats is not substantially reduced under a cold environment (4°C, 2 h), while skin surface temperature drops rapidly (6) . In addition, cooling the skin of anesthetized (the present study) and conscious animals (23) with core and brain temperatures kept constant in a normothermic range increases metabolic rate and thermogenesis. Therefore, information from the skin thermoreceptors, rather than local temperature in the POA, provides the dominant afferent signal leading to feedforward thermoregulatory responses to a physiological range of environmental temperature changes. Sensing temperature in deep body core and brain regions, including the POA, might be important for defending body temperature under severe conditions, for example, in extremely cold environments or during surgery under general anesthesia. The information obtained in the present study contributes to our understanding of the central mechanisms within the fundamental thermoregulatory network maintaining body temperature in homeothermic animals.
